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Abstract
Recently, we proposed a dynamic reaction path (DRP) analysis with vibration mapping and examined
symmetry-conserved processes in the reaction SilL + H- - SiHs- (side and front attack). A key feature of this
study was an analysis of the Berry pseudorotation mechanism in SiH5- from the viewpoint of
vibrationvibration interactions. In the present study, we extend this methodology to deal with symmetry-
relaxed attack by using a function that estimates the distance between any geometry and a reference geometry
in configuration space, in order to examine the relation between the incident path of H- and the
pseudorotation. When approaching SilL from the side or back, the H- changes its path toward front attack,
due to the high energy requirements for the side and back attack paths, resulting in a vibrationally active SiH5-
with accompanying Berry pseudorotation. On the other hand, in a frontal or nearly frontal attack, SiH5-
seems stable with no pseudorotation.
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Recently, we proposed a dynamic reaction path (DRP) analysis with vibration mapping and examined 
symmetry-conserved processes in the reaction SilL + H- - SiHs- (side and front attack). A key feature of 
this study was an analysis of the Berry pseudorotation mechanism in SiH5- from the viewpoint of vibration-
vibration interactions. In the present study, we extend this methodology to deal with symmetry-relaxed attack 
by using a function that estimates the distance between any geometry and a reference geometry in configuration 
space, in order to examine the relation between the incident path of H- and the pseudorotation. When 
approaching SilL from the side or back, the H- changes its path toward front attack, due to the high energy 
requirements for the side and back attack paths, resulting in a vibrationally active SiH5- with accompanying 
Berry pseudorotation. On the other hand, in a frontal or nearly frontal attack, SiH5- seems stable with no 
pseudorotation. 
I. Introduction 
An ab initio classical trajectory1- 5 has the potential to clarify 
unknown aspects of polyatomic reaction dynamics on a Born-
Oppenheimer potential energy surface. This approach uses the 
energy gradient, obtained directly from electronic structure 
calculations, to determine atomic accelerations, velocities, and 
positions. Therefore, one does not need to determine an entire 
potential energy surface prior to the trajectory calculation; all 
degrees of freedom are automatically contained in the calcula-
tions. Although such trajectory calculations require a great deal 
of computing time, the increasing efficiency of both software 
and hardware make such calculations increasingly feasible. 
With this in mind, we have implemented a dynamic reaction 
path (DRP) method,6 initially proposed for use in semiempirical 
molecular orbital calculations, into the electronic structure 
program package GAMESS.7 We have proposed two methods5 
to describe the DRP based on an intrinsic reaction coordinate 
(IRC)8 reference: In the first method, any point on the DRP 
may be expressed in terms of the IRC and the distance from 
the IRC path; in the second method, any point on the DRP may 
be expressed in terms of the IRC, the coordinate in the IRC 
curvature direction, and the distance from a 2-dimensional 
surface determined by the IRC and IRC curvature vectors. These 
analyses can be used to examine how the actual dynamics 
proceeds relative to the IRC path. They were applied to the 
dissociation reaction of thioformaldehyde5 (H2CS - H2 + CS), 
in order to consider the dynamical effects of a bifurcation and 
the IRC curvature. An alternative approach, using vibrational 
mapping of the DRP, was proposed in order to examine the 
intramolecular vibrational mixing problem in H20;3 the DRP 
was analyzed in terms of normal coordinates and conjugate 
momenta. This analysis was extended to treat chemical 
reactions using normal modes of both reactant and product as 
basis vectors4 and was used to study the dynamics of the reaction 
SiH4 + H-- SiHs-. 
Pentacoordinated silicon anions such as SiH5- have been the 
subject of both experimental9- 13 and theoretical 14- 25 attention. 
Of particular interest in such species has been the nature of Berry 
pseudorotation,26 in which one trigonal-bipyramidal structure 
changes to another through a tetragonal transition state. Since 
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Figure 1. Illustration of side (C2,, symmetry) and front (CJ,. symmetry) 
attacks of H- on Si~. 
the barrier to pseudorotation is generally much smaller than the 
well corresponding to SiH4 + x- - SiH4x-, pseudorotation 
within the well can have an impact on the subsequent chemistry. 
In the reaction SiH4 + H- - SiH5-, the approaching H-
attaches to one of the three equatorial positions or one of the 
two axial positions in a trigonal-bipyramidal SiH5-. Figure 1 
illustrates two possible approaches, side and front attack, which 
proceed in C2v and C3v symmetry, respectively. In a previous 
study,4 we examined these two processes under symmetry-
conserved conditions, using the vibration mapping DRP, and 
showed that Berry pseudorotation (with a 2 (or 3) kcal/mol 
barrier at the second order perturbation theory (or Hartree-
Fock level of theory)) 19 occurs repeatedly in the SiH5- produced 
by a side attack, whereas scattering of the initial approaching 
H- or the SN2 reaction often occurs upon front attack, depending 
on the initial relative velocity. In the present study, we extend 
the method to deal with the possibility that the reaction system 
or fragment molecule is accompanied by rotational motion 
(symmetry-relaxed attack) and to examine the effects of such 
relaxations upon the dynamics of SiH5-. 
II. Reaction System: Si~ + u- - SiHs-
Two simple approaches of H- upon Si~ are the symmetry-
conserving side and front attacks shown in Figure 1. Figure 2 
shows energy profiles as a function of the Si-H- distance, r, 
along the (a) C2v (side attack) and (b) C3v (front attack) reaction 
path calculated previously.4 At each value of r, all other 
geometrical parameters are optimized with the symmetry 
© 1995 American Chemical Society 
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Figure 2. Energy profiles as a function of the Si-H- distance, r, along 
the (a) C2, (side attack) and (b) C3,. (front attack) optimized paths, 
respectively. The energies are relative to the dissociation limit. 
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Figure 3. Illustration of initial stages of C, symmetry trajectories: (a) 
H-, located with the distance of d from the C2 axis on the a plane, 
approaches SiH4 in parallel with the C2 axis; (b) H- approaches Si in 
equilibrium SiH4 from the direction of angle (} relative to the c, axis 
on a a plane with r(Si-H-) = 7 A. 
constraint, using the 6-31 ++G(d,p)27 basis set and the restricted 
Hartree-Fock (RHF) method. It was shown previously that 
correlation has only a small effect on the reaction profiles.4 The 
C2v profile shows a barrier ( ""8.5 kcaVmol) between separated 
reactants and the product, while the C3,. approach is downhill 
to product. The previous DRP study4 showed that in a side 
attack on an equilibrium SiH4, an H- with 9 kcaVmol kinetic 
energy (KE) cannot cross the energy barrier, because energy 
transfer to the vibrational modes orthogonal to the reaction path 
depletes the kinetic energy. An H- with 10 kcaVmol KE does 
cross over the pass, yielding SiHs-. 
A normal mode analysis at the maximum point in Figure 2a 
shows4 that side attack is unfavorable, so that when H-
approaches SiH4 from the side, H- turns away toward the front 
attack path. However, a DRP retains the symmetry determined 
by the initial conditions (i.e., atomic positions and velocities) 
since the force vector is totally symmetric. To examine the 
dynamical effects of this instability in the side attack path, we 
consider two symmetry-relaxed (Cs) approaches as shown in 
Figure 3: (a) H-, located a distanced from the C2 axis on the 
a plane, approaches equilibrium Si~ along a path that is parallel 
with the C2 axis (r(Si-H-) = (72 + d2) 112 A); (b) H- approaches 
Si in equilibrium SiH4, displaced by an angle (} relative to the 
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Figure 4. Illustration of four equivalent isomers of SiH5- (referred as 
P1, P,, P1, and P4) in a subspace of C. symmetry. The attached H-
corresponds to H1. P2, P3, and P4 lead to P1 through Berry pseudoro-
tation. 
C2 axis on a a plane containing the C2 and C3 axes and an 
initial r(Si-H-) = 7 A. The symmetry-conserved side attack 
examined previously4 corresponds to (} = 0° or 180°, while the 
front and back attacks correspond to (} = 54.7° and 125.3° 
(=180 - 54.7), respectively. In order to study the effects of 
relaxation of symmetry on the dynamics in side and front 
attacks, (} is varied between 0° and 125.3°. Because of the 
reduced symmetry initial approach, the torque causes a rotational 
motion of Si~ around the z-axis (x-y is taken as the a plane). 
Note that the entire system (SiH5 -) in case b and the fragment 
molecule (SiH4) in both cases have no net angular momentum 
initially. Only SiH5- in case a has nonzero angular momentum. 
In the Cs symmetry subspace described above, there are four 
equivalent structures of SiHs- (referred to as P1, P2, P3, and 
P4), three of which (P2-P4) can be connected with P1 (produced 
in the side attack in Figure 3b) by Berry pseudorotation, as 
shown in Figure 4. Here, the attached H- corresponds to H~o 
and P2 is the structure produced by front attack in Figure 3b. In 
the symmetry-conserved side attack, Berry pseudorotation can 
be initiated only between P1 and P3. In the Cs approaches, the 
system may go through P 1- P 4 via Berry pseudorotation with 
rotational motion around the z-axis. 
To analyze the DRP using P1-P4, it is convenient to utilize 
the distance between a point on the DRP and a reference point 
Pk defined as follows. First, we introduce /k(o.,t) as 
6 
h(o.,t) = (L,CX;(o.,t) - xk_i + (Y;(o.,t) -hi+ 
(Z;(o.,t)- zk,i} 112 (1) 
where 
X;(O.,t) = X/(t) coso.- J1(t) sino. (2) 
Y;(o.,t) = X/Ct) sino.+ f?Ct) coso. (3) 
Z;(o.,t) = Z/(t) (4) 
Here, (X/(t), f7(t), Z/(t)) and (xu, yu, zd are the ith atomic 
Cartesian coordinates at the point on the DRP at time t and at 
the reference point Pko respectively, and (X;(O.,t), Y;(O.,t), Z;(o.,t)) 
are the coordinates obtained by rotating (X/(t), f7(t), Z/(t)) by 
an angle o. around the z-axis. The origin of these Cartesian 
coordinates is taken as the center of mass of the system, and 
the sum is over the six atoms in the molecule. By substituting 
Study of Si~ + H- - SiH5-
eqs 2-4 into eq 1, /k(a.,t) can be expressed as 
6 
h_(a.,t) = [~)(xjl(t))2 + xk/ + (J1(t))2 + Yk/ + <il<t)-
6 
zk,i} + 2 sin(a. + a.k.0(t))[{~)J1<t)xk.i- xjl(t)yk)}2 + 
6 
{ L(xjl(t)xk,i + J1(t)yk)} 2] 112] 112 (5) 
where a.k.o(t) is defined as 
6 6 
a.k.0(t) =arcsin[[-L(xjl(t)xk,i + J1(t)yk)]/[{L(J1(t)xk,i-
6 
xjl(t)yk)}2 + {L(xjl(t)xk,i + J1(t)yk)}2]112] (6) 
Then, the angle a.rin(t) corresponding to the minimum value of 
/k(a.,t), can be derived as 
(7) 
We define /k(t) (=/k(a.;in(t),t)) as the distance between the 
point on the DRP and Pk. Then, one can classify the reaction 
system at any point on the DRP as P1, Pz, P3, or P4, based on 
the magnitude of /k(t): the smaller the fk(t), the closer it is to 
reference Pk. The difference a.;i"(t) - a.;in(O) can be inter-
preted as a rotational angle about the z-axis integrated from t 
= 0 to t = t based on the reference Pk. 
The coordinates corresponding to the minimum distance (i.e., 
fk(t)) are (Xk.i(t), Yk.;(t), Zk.i(t)) (=(X;(a.;in(t),t), Y;(a.;in(t),t), Z;( 
a.;in(t),t))). On the basis of these coordinates, one can exam-
ine the internal motion (i.e., vibrational motion) of the system 
along the DRP using the vibration mapping analysis in terms 
of Ljkl (normal modes defined at the reference point Pk). The 
jth normal coordinate, Qyl, is calculated as3.4 
6 
QCkl(t) = ""'{(Xk (t)- xk .)L3Ck~ 2 + (Yk (t)- Yk .)L3ck~ 1 + j ~ ,l ,l I J ,l ,l l J 
(Zk,;(t) - zk)L~~j}m/12 (8) 
where L~~l is the nth component of LY) and m; is the ith atomic 
mass. Since DRP retains its symmetry, the dimensionality of 
the dynamics can be reduced to that of the totally symmetric 
coordinates, i.e., five in Czv (side attack), four in C3v (front 
attack), and eight in Cs symmetry. The dynamics can be 
described in terms of totally symmetric normal coordinates. 
III. Methods of Calculation 
DRP calculations were performed for the reaction Si~ + 
H-- SiH5-, with the 6-31++G(d,p)27 basis set, using the RHF 
method in GAMESS.7 We studied 20 trajectories corresponding 
to d = 0.1, 0.5, 1.0, and 1.5 A with initial KE = 5 and 9 kcal/ 
mol in Figure 3a and e = 10°, 30°, 50°, 70°, 90°, and 11 oo 
with KE = 5 and 9 kcal/mol in Figure 3b. These KE values 
were determined on the basis of the previous study4 (see also 
Figure 2). Recall that e = 0°, 54.7°, and 125.3° correspond to 
side, front, and back attacks, respectively. The time step was 
taken as 0.1 fs, and a trajectory of 300 fs was calculated in 
each case. It is possible, of course, that additional trajectories 
at other KE values could reveal additional interesting physics. 
IV. Results and Discussion 
A. DRP Analysis Based onfk(t). 1. Trajectories Parallel 
to C2 Axis. Figure 5 shows fk(t), the distance between the 
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reaction system and reference point Ph (k = 1, 2, 3, 4) along 
the DRP, starting parallel to the Cz axis. First, we examine the 
DRP starting with d = 0.1 A (Figure 5a,b ). In the initial stage, 
all fk(t) values decrease, starting from 10 to 11 bohr, toward 
zero, indicating that H- approaches Si~. Since the initial 
location ofH- is slightly displaced from the C2 axis (side attack) 
toward the c3 axis (front attack), the system attempts to form 
P1, as in a side attack. Note that during the approach, /1(t) is 
the smallest among /k(t), and f2(t) is the second smallest (P2 is 
the product of a front attack). Around rv70 fs, all /k(t) go 
through a minimum and begin to increase for KE = 5 kcal/ 
mol: the approaching H- is scattered, and no SiHs- is formed. 
Similarly, all /k(t) show minimum values at more than 2 bohr 
for KE = 9 kcal/mol (scattering of H-), although the system 
attempts to approach P2 (not P1) around rv90 fs. This result is 
the same as that which is observed for a symmetry-conserved 
side attack (9 kcal/mol KE is insufficient to form SiH5-),4 even 
though in this symmetry relaxed trajectory the H- can move 
toward a more energetically favorable path. After scattering, 
/2(t) becomes smaller thanf1 (t), suggesting that H- is scattered 
toward the c3 axis (front attack). 
Next, we consider the DRP starting with d = 0.5 A (Figure 
5c,d). When KE = 5 kcal/mol, H- is scattered; however, for 
KE = 9 kcallmol the system enters the SiH5- well. Therefore, 
as d increases, the nature of the dynamics changes from side 
attack (with an activation barrier) to front attack (downhill). 
The nature of H- attack ford= 0.5 A can be seen in the nearly 
identical values of /J(t) and f2(t) from t = 0-50 fs; H-
approaches roughly halfway between the side and front attacks. 
At t = rv50 fs,f1 (t) begins to increase and /2(t) continues to 
decrease. In this region, the Si~ moiety begins to change its 
geometry, due to interaction with the approaching H-, from its 
equilibrium structure to P2 corresponding to front attack. Figure 
6 shows sequences of structures of the system along the DRP 
at t = 30-120 fs for KE = 9 kcal/mol. As is clearly shown, 
H 1- changes its path to the C3 axis at t = 30-50 fs, and Pz is 
formed at t = 60-90 fs. During this period, H1 approaches 
close to H2 due to inertia (rv80 fs), and then reverses. This 
motion leads to Berry pseudorotation to P1 (t = 100-120 fs). 
After that, Berry pseudorotation occurs periodically (about every 
50 fs) betwe~n P2 and P1. Recall that the pseudorotation occurs 
only between P1 and P3 in a symmetry-conserved side attack, 
while no pseudorotation is initiated in a symmetry-conserved 
front attack.4 
Now, we refer to Figure 5e,f (d = 1.0 A). Once again 5 
kcal/mol is insufficient to form SiH5-, while, for KE = 9 kcal/ 
mol, Pz is formed and retained with no Berry pseudorotation. 
So, at d = 1.0 A, the behavior is essentially that of front attack. 
In the DRP starting with d = 1.5 A (Figure 5g,h), the Pz form 
of SiH5- is formed with KE = 5 kcal/mol. Around t = 120-
140 fs, Pz tries unsuccessfully to become P1. At t = "'200 fs, 
the Pz - P1 pseudorotation succeeds. For KE = 9 kcal/mol, 
the profile is quite similar to that for d = 1.0 A, although Pz 
seems more stable. 
In summary, when symmetry is relaxed to C5 , H- has a 
tendency to move from side toward front attack, resulting in Pz 
rather than P1; as d becomes large, the nature of the dynamics 
becomes increasingly like front attack and the KE required to 
form SiH5- decreases. When a threshold amount of kinetic 
energy is provided, Berry pseudorotation is observed between 
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P2 and P1. However, given an excess amount of KE, P2 seems 
stable and pseudorotation does not occur. 
2. Trajectories Skewed from the C2 Axis. Figure 7 shows 
changes in /k(t) along the DRP, starting skewed from the C2 
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axis. First, we discuss Figure 7a,b (e = 10°). With KE = 5 
kcallmol, only scattering occurs, with no formation of SiH5-. 
Note the similarity of the profiles in Figure 7a and Figure 5c 
(d = 0.5 A). For KE = 9 kcal/mol, the profile is also similar 
Study of Si~ + H- - SiH5-
H3Ji2H2 "')£~ H)£: H~~2 ~ Hz H4 H4 ~ 
Hs Hs Hs Hs Hs 
0H1 OH, OH, OH 1 
0 H, 
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)tt )£"' ~: ~H2~2 ~ ~ H4 
H5 Q Hs 0 Hs O Hs O Hs 0 
H, H, H, H, Ht 
80 fs 90 fs 100 fs 110 fs 120 fs 
Fi.gure 6. Sequences of structures of the system along the DRP starting 
wtth d = 0.5 A and KE = 9 kcaUmol at t = 30-120 fs. 
to Figure 5d fort= 0-150 fs, and Berry pseudorotation occurs 
once from Pz to P1 at "'75 fs. From that point, however, the 
system remains in the region of P1 although there is apparently 
an attempt to pseudorotate to P2 around t = 270 fs. This 
dynamical behavior is intermediate between that found earlier 
for d = 0.5 A (Figure 5d) and d = 1.0 A (Figure Sf). 
In the DRP starting with () = 30° (Figure 7c,d), the dynamical 
behavior is that of front attack, as is clear from the values of 
/z(t) andj1(t) (cf. Figures 5 and 7a,b). For KE = 5 kcal!mol, 
Pz is formed during the time span t = 75-240 fs with 
fluctuations in f1(t), /3(t), and /4(t). At "'240 fs, the system 
departs from the SiHs- well (all/k(t) begin to increase). This 
departure is not an SN2 reaction but rather a scattering of the 
initial approaching H-. For KE = g kcal/mol, the fluctuations 
in /J(t), /3(t), and j4(t) are stronger than for KE = 5 kcal!mol 
(Figure 7c). Around t = 240 fs, Pz pseudorotates to P1, and P1 
in turn pseudorotates to P4. Note that there is no direct path 
for pseudorotation from P2 to P4. 
Next, we consider the DRP starting with () = 50° (Figure 
7e,f). Note that this angle is very close to the symmetry-
conserved front attack angle of 54.7°. For both KE = 5 and g 
kcal!mol, SiHs- forms a stable complex (P2) and Berry 
pseudorotation does not appear to occur even after t = 300 fs. 
These results are the same as that found earlier for the 
symmetry-conserved attack. In those calculations,4 it was shown 
that, in a symmetry-conserved front attack, all kinetic energy 
is distributed over the four totally symmetric C3v normal 
vibrational modes, resulting in a very active complex. Scattering 
of H- or SN2 reaction is observed in some cases with very small 
KE input. Here, due to the lower (C,) symmetry, the energy 
can be disposed over eight totally symmetric modes, so the 
complex is more stable. 
In the DRP starting with e = 70°, corresponding to a path 
between front and back attack (Figure 7g,h), P2 is formed for 
both KE = 5 and g kcal!mol. The fluctuations of f 1(t), /3(t), 
andj4(t) are smaller than those found for()= 30° (Figure 7c,d). 
Although there is a close approach of fz(t) andf1(t) around t = 
270 fs for KE = g kcal/mol, no pseudorotation is observed. 
The DRP starting with 0 = 90° (Figure 7i and 7j) is closer 
to a back attack. Initially, the system attempts to form P2• 
However, around t = 60-75 fs,f2(t) reaches a minimum, while 
fi (t) continues to decrease. This result suggests that back attack 
(() = 125.3°) is an unstable path, similar to side attack, and H-
turns gradually toward the front attack path; then, due to inertia, 
it crosses the front attack region to the side attack region, 
resulting in an exchange of the smallest/k(t) (i.e.,fz(t)- /J(t)). 
For KE = 5 kcal!mol, H- is scattered. For KE = g kcal!mol 
sequences of structures of the system along the DRP at t ~ 
30-100 fs are shown in Figure 8. As described above, H1-
J. Phys. Chern., Vol. 99, No. 40, 1995 14601 
changes its position gradually from axial to equatorial due to 
the inertia at t = 50-70 fs. Then, the system forms P1 (100 
fs), and pseudorotates to P3 ("' 155 fs), back to P1, ( "'217 fs), 
and then to P4 ("'2g4 fs). In trajectories starting withe::::: 110°, 
H- is scattered even for KE = g kcal/mol. Since SiH5- is 
formed when () = 10° and KE = g kcal!mol, the back attack 
path seems less favorable (i.e., has a larger activation barrier) 
than the side attack path. · 
DRP calculations were performed for a much longer time (1 
ps) for () = 30° and goo with KE = g kcal!mol (Figure 7d,j), 
since for these cases the system pseudorotates through several 
isomers within 300 fs. The former(()= 30°) corresponds to a 
path between side and front attacks, while e = goo is between 
back and front attacks. Figure g shows these profiles of fk(t) 
over 1 ps. For () = 30° (Figure ga), after the system is retained 
at Pz during the first 200 fs, continuous Berry pseudorotations 
are observed: Pz- P, - P4- P, - P4 - P1 - P3- P1 -
P4-P,-P4-P,-P4-P,-P3-P1-P4-P1-P2. 
All pseudorotations occur through P1. Recall that P1 can become 
Pz, P3, and P4 directly, while P2-P4 are connected only to P1. 
For() = goo (Figure gb), P, is formed first as described in the 
previous paragraph and undergoes some pseudorotations. Dur-
ing t = 300-550 fs, the system remains in P4, and then it begins 
to depart from the SiHs- well. Since the H- that leaves (H3) 
is different from the one that initially attacks (H1), this dynamical 
behavior should be classified as an SN2 reaction. However, H3 
returns to the SiHs- well around t = goo fs, resulting in P 4. 
Note that these two examples (Figure ga,b) have nearly the same 
total energy. The difference is the manner in which the kinetic 
energy is used: for Berry pseudorotation or to escape from the 
well. 
In summary, H-, approaching Si~ from the side or the back, 
changes its direction toward front attack, resulting in a very 
active SiHs- accompanying Berry pseudorotation. When H-
approaches Si~ in a nearly front attack direction, the SiH5-
produced seems stable, with no pseudorotation. 
B. Vibration Mapping Analysis. In this section, we apply 
a vibration mapping analysis to the DRP in order to examine 
the effect of symmetry relaxation on the dynamics and Berry 
pseudorotation. Table 1 gives the symmetry representation, 
vibrational frequency (cm-1), and period (fs) of each normal 
mode in SiHs- (D3h symmetry). Their detailed descriptions 
were given previously.4·19 In the present study, the DRP can 
be described in terms of eight totally symmetric normal 
coordinates in Cs symmetry. The identity of these eight modes 
depends on the C, symmetry plane. As shown in Figure 4, the 
out-of-plane hydrogens (~ and H5) occupy axial positions in 
P, while they occupy equatorial positions in P2-P4. In the 
former (P,), L,, Lz, and Ls-Lw (A{ and E' modes) are basis 
modes, while in the latter (P2-P4), L 1-L4 (A1', A2', and A2" 
modes) and Ls, L7, Lg, and Lll (one of a degenerate pair of E' 
and E" modes) are basis modes. 
As reported previously,4·19 a specific combination of the 
degenerate modes Lg and L 10 corresponds to Berry pseudoro-
tation. Under C, symmetry conservation, P1 can move in the 
direction of any combination of Lg and L 10. By combining them 
in the correct ratio, one can obtain a Berry mode leading to P2, 
P3, or P4. In Pz-P4, Lg is determined by symmetry: it 
corresponds to pseudorotation to P1• Figure 10 shows the basis 
modes using Pz as reference· L<2l-LC2l LC2l L<2l LC2l and 
. 1 4 ' 5 ' 7 ' 9 ' 
LW. The positive direction of each mode is indicated by the 
arrows, and the label on each atom corresponds to that in Figure 
4. In the symmetry-conserved front attack, Li2l-L~2l are basis 
modes, and other normal coordinates remain zero. Note that 
the reverse-direction of L~2l denotes movement leading to P1. 
We analyze trajectories starting with 9 kcal/mol kinetic 
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Figure 7. Changes injk(t) along the DRP, starting skewed from the C2 axis: (a) e = 10°, KE = 5 kcal/mol; (b) e == 10°, KE = 9 kcallmol; (c) 
e = 30°, KE = 5 kcal/mol; (d) e = 30°, KE = 9 kcallmol; (e) e = 50°, KE = 5 kcal/mol; (f) e = 50°, KE = 9 kcal/mol; (g) e = 70°, KE = 5 
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TABLE 1: Vibrational Frequency v (cm-1) and Period r (fs) 
of Normal Modes, L;, of SiH5- (D3h Symmetry)" 
Lt L2 L3 L4 Ls, L6 L1, L; L9. LIO Ln. L12 
symmetry At' At' A2' A/' E' E' E' E" 
v 2082 1346 1534 1012 2041 llOO 600 1277 
T 16.0 24.8 21.7 32.9 16.3 30.3 55.6 26.1 
a Each symmetry representation is also given. 
energy, with () = 30° and 50° (Figure 7d,f, respectively): the 
former corresponds to an attack from a direction between side 
and front, while the latter corresponds to a nearly front attack. 
Since the first isomer formed is P2 in both cases, the vibration 
mapping analysis was performed using Pz as reference (i.e., 
using L~2l in Figure 10). Normal coordinates on a DRP are 
calculated according to eq 10. Figure 11 shows changes in the 
normal coordinates along the DRP for (a)()= 30° and (b)()= 
50°. As the system approaches P2 from Si~ + H-, all 
coordinates go toward zero. Note that normal coordinates 
belonging to the totally symmetric representation in C3v sym-
metry (front attack), Qt-Q4, have a large initial value in 
comparison with the other four coordinates. In case b ("'front 
attack), those other four coordinates remain almost zero over 
300 fs, and the system retains approximate C3v symmetry. This 
reflects the stability of the front attack path. In case a (between 
side and front attack), Qs, Q7, Q9, and Qtt are initially relatively 
large compared with case b. Since the side attack path is 
unstable, the system turns toward front attack (-Pz): all 
coordinates go toward zero (equilibrium Pz). After P2 has been 
formed, all coordinates containing Qs, Q7, Q9, and Qtt show 
fluctuations. 
Now, consider the movement of Q9 (pseudorotation coordi-
nate). It exhibits three full vibrations with a period of about 
60 fs (see Table 1) over t = 50-230 fs. Around 230 fs, all 
coordinates deviate from zero, and Q9 remains around -3 bohr 
amut 12, corresponding to the pseudorotation to Pt. In Figure 
7d, the fluctuations of fz(t) denote the sum of deformations of 
all normal vibrations. Since normal vibrations occur simulta-
neously with different periods relative to the origin (Pz in this 
case), a simple characteristic feature is not observed inf2(t) while 
the system forms Pz over t = 50-230 fs. However, distances 
between the system (point on DRP) and other isomers (Pt, P3, 
and P4)./t(t),h(t), andj4(t), show a distinct fluctuation with a 
period of about 60 fs. Now, these fluctuations can be 
understood as a contribution from L~l. Recall that P2 is 
directly connected to Pt but only indirectly connected to P3 and 
P4. So, each time the system approaches Pt by pseudorotation, 
it also approaches P3 and P 4· 
H,a,,j:l' H 
~u o' 
H;-- H4 
50 fs 
(t' 
H3czjB>oH4 
H, OH, 
10 fs 80fs 
Figure 8. Sequences of structures of the system along the DRP starting 
withe= 90° and KE = 9 kcal/mol at t = 30-100 fs. 
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V. Conclusion 
Within Cs symmetry, the reaction dynamics for the reaction 
Si~ + H- - SiH5- and Berry pseudorotation in SiH5- were 
studied using DRP methods. Several directions of attack have 
been considered, including those between front and side and 
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Figure 11. Changes of normal coordinates (based on reference P2) 
along the DRP of (a) fJ = 30° and (b) fJ = 50° initiated with 9 kcaU 
mol KE. 
those between front and back attack paths. To analyze the 
pseudorotation over four equivalent isomers, we introduce the 
distance between a point on the DRP and a reference point in 
3N-dimensional configuration space. One can project out the 
overall rotational motion of the system and can therefore discuss 
the internal motion using a vibration mapping analysis. 
Taketsugu and Gordon 
H - , approaching Si~ from side or back, changes its direction 
toward front attack due to the instability of side and back attack 
paths. This results in a very active SiH5 - with accompanying 
Berry pseudorotation. When H - approaches Si~ from a nearly 
front attack direction, the SiH5- formed seems stable with no 
pseudorotation. 
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